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SEARCHES FOR EXOTIC MATTER 
ABSTRACT
This research encompasses two quite distinct searches for exotic matter. 
The first half concerns exotic m atter on the scale of elementary particles. In 
this chapter. I consider the production of gluinos. the supersymmetric part­
ner of the gluon, in models where the gluino is very light. Cross sections 
are calculated for electroproduction and hadroproduction of gluinos and the 
results indicate that existing accelerators are capable of probing the region of 
gluino masses between 1.0 and 2A)GeV with lifetimes between 10-10 and 10-6 
seconds. Such experiments could find a  light gluino if it exists, or to  close 
this unexplored mass-lifetime window. The second half concerns the search 
for exotic forms of m atter on the macroscopic scale, namely the search for 
stable strange quark m atter. If stable strange m atter exists, then all neu­
tron stars may in fact be strange stars. I examine a recent proposal that 
strange star oscillations may result in a detectable millimeter-wave radio sig­
nal. The effects of rotation on this signal are calculated with the motivation 
of providing a more distinctive signature for the detection of strange m atter 
stars.
DAVID LEE MORGAN 
DEPARTMENT OF PHYSICS 
TH E COLLEGE O F WILLIAM AND MARY IN VIRGINIA
viii
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Chapter 1
INTRODUCTION
The search for and discovery of exotic forms of m atter has long been a driving 
force behind the progress of modern physics. At both  the microscopic and 
macroscopic scales, from neutrinos to neutron stars, discoveries of new ele­
m entary particles and exotic astrouomical phenomena each give us insights 
into the workings of nature under the most extreme conditions. In some 
cases, such as the discovery of the positron in 1932, these discoveries have 
been the fulfillment of previous theoretical predictions. In others, the nature 
of the new phenomena has been entirely unexpected, and the findings have 
propelled theorists and experimentalists in entirely new directions; examining 
previously unimagined aspects of the physical world.
2
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3In this dissertation, I will be examining the predictions of two very differ­
ent theories, the implications of which represent opposite ends of the spec­
trum  in the ongoing search for exotic forms of m atter in the universe. T he 
first is supersymmetry, which predicts the existence of dozens of elementary 
particles which, so far. remain undetected. The second is the "Strange M at­
ter Hypothesis": the idea that, so-called “strange m atter” may be the true  
ground state of hadronic m atter, and th a t there may exist macroscopic ob­
jects, “strange m atter stars” . which are made of this new form of m atter. In 
the remainder of this introductory chapter. I will discuss some of the m ain 
ideas behind each of these topics, and provide some necessary background 
for the following chapters.
1.1 In trod u ction  to  S u p ersym m etry
Supersymmetry is a  relativistic symmetry between bosons and fermions. As 
such it is the only symmetry which unifies the internal (spin) symmetries 
of particle physics with the external 4-D spacetime symmetries of relativ­
ity. Supersymmetry accomplishes this task by uniting bosonic and fermionic 
fields into a single superm ultiplet. so th a t bosons and fermions become ”su­
perpartners” of one another. This leads to the most notable prediction of 
SUSY theory, which is th a t every particle in the Standard Model will have
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4a superpartner with the opposite spin statistics. The naming convention is 
th a t an "s" is prefixed to the names of the familiar fermions. to indicate that 
the superpartner is a scalar. Thus we speak of selectrons, squarks. and sneu- 
trinos. The partners of the gauge bosons all have the suffix "-ino" appended 
to their names, giving us photinos. VVinos. Zinos and gluinos.
A theory which predicts the existence of dozens of particles for which 
there is no evidence would never be taken seriously unless it possesed other 
features which made it extremely compelling. In fact, SUSY has a number of 
properties which make it desirable as a theoretical extension to the Standard 
Model. One such feature is evident when the contributions of the superpart­
ner particles are included in the calculation of loop diagrams which result 
in divergences. The inclusion of the SUSY particles causes the result to be 
less divergent than the non-supersvmmetric calculation, due to cancellations 
between the bosonic and fermionic loops. In fact, some SUSY theories (in 
particular, N =4 SUSY Yang-Mills theory) have been shown to be finite to 
all orders of perturbation theory.
In addition to their improved ultraviolet behavior, SUSY theories may 
be able to help with the task of unifying gravity with the other three fun­
dam ental forces. When the symmetries of SUSY are made local, then the 
resulting theory automatically allows for the inclusion of gravity. It is not
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5known whether such supersymmetric gravity, or "supergravity” theories are 
finite, but they are less divergent than earlier non-supersymmetric quantum  
gravity theories, and may be an im portant step towards a unified theory.
Finally, one of the prim ary motivations behind supersymmetry theory 
is the resolution of the so-called "hierarchy problem” of grand unification . 
Any theory which seeks to unify the electroweak and strong interactions 
must contend with the great disparity between the electroweak breaking scale 
(M w )and the mass scale a t which grand unification is broken (M x  »  M w). 
First, the theory must be able to maintain the large difference between the 
mass scales when radiative corrections are added. In non-SUSY G U T’s this 
must involve the "fine-tuning” of parameters of the theory to assure can­
cellations between the bare masses of particles and the radiative corrections 
to several orders of magnitude. Super symmetry handles this problem easily 
due the the cancellation of bosonic and fermionic loops discussed above. For 
example, radiative corrections to the Higgs mass grow quadratically in the 
non-supersymmetric theory, but are logarithmic in SUSY due to the cancel­
lation between the fermionic and bosonic contributions. A second aspect of 
the hierarchy problem is the explanation of how such a  wide disparity of mass 
scales can arise a t all. This problem of “naturalness” of the hierarchy is also 
addressed by a certain class of SUSY models. These “no-scale” supergravity
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6models seem to be the only models which can provide an uncontrived and 
natural hierarchy which matches the one required by grand unified theories.
All of these aspects of supersymmetry make it one of the most compelling 
theories of modern particle physics, but experimental evidence for supersym­
m etry remains elusive. It is often assumed that experimental verification of 
supersymmetry will have to wait for the next generation of more powerful 
accelerators, capable of attaining energies high enough to produce the mas­
sive superpartner particles. In this paper, however. I will examine a scenario 
in which one of the supersymmetric particles, the gluino, is in fact very light, 
and could be detected using existing accelerators.
1.2 Introduction  to  Strange M atter
In the second half of this paper I will tu rn  from the search for exotic m atter a t 
the microscopic scale of particle physics, and examine the search for macro­
scopic astronomical objects of an exotic nature. One of the most interesting 
problems which arises from the study of QCD is the question of the nature of 
the true ground state of matter. Witten[16] and others have pointed out tha t 
strange quark matter, consisting of roughly equal numbers of up, down, and 
strange quarks, might be more stable than ordinary m atter. This conjecture 
is often referred to as the “strange m atter hypothesis” . The reasoning behind
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7this conjecture is simple: the addition of a th ird  flavor of quark to ordinary 
hadronic m atter lowers its Fermi energy. There is currently 110 theoretical or 
experim ental basis upon which we can accept or reject the strange m atter 
hypothesis, so it remains an interesting topic for investigation.
If strange m atter is absolutely stable, then it may exist in the universe in 
a num ber of forms. Strange m atter could exist in the form of strange quark 
nuggets, w ith a mass of just few hundred nucleons. Considerable research has 
since been done 011 the cosmological[17] and terrestrial[18] implications of the 
existence of these strange quark nuggets. It has also been been noted tha t 
if strange m atter is stable, then it is possible th a t some or all neutron stars 
could be converted into strange m atter stars. W hile this is an interesting 
possibility, it turns out that there are few observable differences between a 
classical neutron star and a strange star.
The second half of this dissertation will examine a recently proposed 
m ethod for detecting strange m atter stars. This new m ethod involves the 
detection of a  millimeter-wave electromagnetic signal which could arise from 
the oscillation of the s ta r’s outer crust of hadronic m atter. This signal would 
be unique to a  strange m atter star, and would be a clear indicator which 
would allow one to discriminate between an ordinary neutron star and a 
strange star. The existence of this proposed millimeter-wave signature is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8somewhat speculative, but in the absence of other compelling methods to 
confirm or deny the existence of stable strange quark m atter, it could pro­
vide an im portant tool for the verification of the strange m atter hypothesis. 
I will be examining the effect of a strange s ta r 's  rotation, and the resulting 
asphericity. on this signal in order to provide an even more detailed picture 
of what the resulting signal will look like. The goal of this research is to pro­
vide an even more distinctive and precise desc ription of the electromagnetic 
signature of a  strange star.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter 2 
PRO DUCTIO N OF VERY  
LIGHT GLUINOS
2.1 L ight G luinos
In searches for supersymmetrie particles, it is generally assumed tha t the 
masses of the new particles are 0 (  100 — 1000) GeV, and thus they can only 
be produced in high-energy accelerators. However, a  possibility which has 
been receiving increasing attention of late[l. 2. 3. 4, 5, 6 , 7. 8. 9] is that the 
gluino and photino are extremely light, with masses in range of hundreds 
of MeV. If this is the case, then the gluiuo-gluon bound state, called the 
glueballino or the R0. would have a mass in the 1 — 2 GeV range, and would
9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10
be very long-lived, possibly with a lifetime as long as th a t of the muon. 
The possibility th a t a strongly interacting, long-lived particle with a  mass 
only slightly greater than  th a t of the neutron could have evaded detection is 
astonishing, and yet this appears to be the case: An Rq mass between 1.0 
and 2.2 GeV would not yet have been experimentally excluded [3].
Why would one expect gluinos to be so light? The fact th a t scalar quark
masses m ust be greater than  the W  mass shows that supersym metry is broken
at the scale of at least 0(100) GeV. However, the source of gaugino masses
in many supergravity models is completely different from the source of scalar
masses, since the former arise from dimension-3 SUSY-breaking operators.
In some such models, such as those in which SUSY is broken in the hidden
sector and there are no gauge singlets[4, 5, 6], the dimension-3 SUSY-breaking
terms are either absent or suppressed by a factor of the Planck mass. Thus,
in these models, the gluino and photino1 are massless at tree level. Masses
will be generated by radiative corrections; these were calculated by Farrar
and Masiero[7]. who found th a t as the typical SUSY breaking scale varies
from 100 to 400 GeV, the gluino mass decreases from 700 to 100 MeV, as the
photino mass increases from approximately 400 to 900 MeV. Although the
1 When I say photino in this paper, it actually refers to the lightest neutralino. However, 
in models in which the lightest neutralino is extremely light, it tends to be the photino.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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photino might, in these models, be somewhat heavier than the gluino, the 
lightest color-singlet containing the gluino. the R0, will be heavier than  the 
photino, for the same reason that a glueball. comprised of massless gluons, 
has a mass in the 1 — 2 GeV range. In fact, if the gluino is light, then  the Ro 
mass should be very similar to th a t expected for the lightest 0++ glueball, 
i.e.. 1.4 ±  .4 GeV.
If this is the case, then the photino will then be stable and  an ideal 
candidate for the dark m atter. In fact. Farrar aud Kolb[8] have shown that 
if the ratio of the R q mass to the photino mass is in the range from 1.2 to 
2 .2 . then the relic abundance of photinos is just right to  account for the dark 
m atter; this mass range overlaps nicely with the range of masses calculated 
from radiative corrections. Since the gluino will decay through v irtual scalar 
quark processes, the R q lifetime should be quite long; estimates range from 
10“ 10 to 10-6 seconds.
How could such a light, long-lived, strongly interacting particle have es­
caped detection?[5. 9] Missing energy searches (the classic signatures of su­
persym m etry) require large transverse missing energy, and gluinos would not 
have been detected if the lifetime is greater than 10“ 10 seconds. Beam dump 
experiments which look for the subsequent interaction of the photino would 
not be sensitive since the photino cross section is sign ifican tly  smaller (by a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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factor of 0 { m w / Exper i ment s at CUSB[10] and ARGUS[11] look for 
radiative T  decays; these experiments can rule out a region of gluino masses 
which correspond to R0 masses from roughly 2 to 4 GeV. for any lifetime: 
other experiments modify the bounds slightly. These experiments are all dis­
cussed by Farrar[5. 9]. who provides a plot of the region of the mass-lifetime 
plane excluded by each of these experiments. A summary of these results is 
shown in Fig. 2.1. The region from 1.0 to 1.5 GeV is not excluded for any 
lifetime, and the region from 1.5 to 2.2 GeV is only excluded for lifetimes 
between 10-6 and 10-8 seconds.
There was some excitement recently[2] about the possibility that the pres­
ence of light gluinos could alter the running of the QCD coupling constant 
between Q1 =  m~ and Q2 =  m 2z . It appears that the value of the QCD cou­
pling a t the smaller scale is too high, given its value of the larger scale, and 
modifying the beta function by inclusion of light gluinos could account for 
the discrepancy. However, it Inis been pointed ou t[2] that the uncertainties 
in this analysis are large, and that the data, at present, can not be used to 
either establish or rule out light gluinos. Similar arguments apply to je t pro­
duction a t Fermilab and LEP; the uncertainties are too large. In addition, 
an additional state at 1.4 GeV has been seen, which could be a  gluino-gluino
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Figure 2 .1: The gluino mass/lifetime plane. The hatched areas indicate 
regions where the gluino has not yet been excluded. Region I is the region 
examined in this paper.
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bound state, but distinguishing such a state from other possible exotics, such 
as hybrids, will not be easy.
In order for experimenters to probe the allowed mass and lifetime range, 
it is necessary to have reasonably accurate values for the production cross 
section of gluinos. This is not always easy. For example, Farrar[9] has pro­
posed searching for f?(; decays into q + 7 by looking for q's in high-intensity 
kaon beams. This could certainly establish the existence of gluinos, but the 
production of relative to kaons cannot be calculated in perturbative 
QCD. due to  the fact th a t neutral kaon beams are produced at low trans­
verse momentum. On the other hand, one can compute gluino production 
cross sections at high p r  reliably. The cross section for photoproduction of 
gluino pairs was calculated recently[12], with the hope of using the photon 
tagger in the Large Acceptance Spectrometer at CEBAF. Although this cal­
culation did not directly impose a (pr)min cut. such a cu t would be done by 
the experimeters, and the event rates were high enough th a t this cut would 
not considerably lower the signal". As pointed out there, the long Ro life­
time and relatively light mass indicates tha t high-luminosity. lower energy
accelerators will be better suited for exploring the allowed range.
2The signature for Ro production in that experiment assumed very light or massless 
photinos, however, and the mass range expected from the above would likely require a 
different signature. Signatures of Ro production will be discussed later.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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In this paper. I will calculate the electroproduction and hadroproduction 
cross sections tor light gluino pairs. The primary motivation is as follows. 
Searching for gluinos in high intensity kaon beams, as suggested by Farrar, 
may very well be the best way to discover gluinos if they are there. However, 
the absence of a reliably calculable production cross section will make it dif­
ficult for experimenters to exclude regions of the rnass-lifet'me plane (only 
regions of the " mass-lifetime-cross section” volume can be excluded). In 
electroproduction and hadroproduction, one can reliably calculate the cross 
sections in some kinematic regions, and although such experiments may not 
be the best way to find gluinos. they do offer the possibility of reliably ex­
cluding certain regions of the mass-lifetime plane (given the uncertainties 
associated with pQCD. which are discussed in the Section 2.6 ).
I will first consider electroproduction reactions. Then, after discussing 
the validity of perturbative QCD. I will tu rn  to hadroproduction, calculating 
cross sections for irp. Kp. pp. and pp collisions. Finally, I will briefly discuss 
experimental signatures of R 0 decay.
2.2 E lectroproduction  o f  Light G luinos
The relevant diagrams for electroproduction are shown in Fig. 2.2, and the 
square of the resulting m atrix element is given in the Appendix. In in tegrat­
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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ing over phase space, the same procedure was used as in the photoproduction 
calculation[12]. The integrations over the gluino momenta are performed in 
the r  =  0 reference frame, and then re-expressed in covariant form. The 
subsequent integration over the outgoing quark momentum is done in the 
quark-photon renter of momentum frame. I do not integrate over the outgo­
ing electron, since in all likelihood the outgoing electron would be detected in 
such an experiment. Instead the results are expressed as a  differential cross 
section of the form Ei,do j  dPU.
Figure 2.2: The Feynman diagrams for electroproduction of gluinos. The 
initial and final electron momenta are labeled and Z2 and the target quark 
has initial and final momenta p\ and p2. The dashed fines represent the 
outgoing gluinos. with momenta k\ and k2.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Once the subprocess cross section is obtained, one must embed the target 
quark in a proton and integrate over the allowed values of s. The subprocess 
cross section is folded with the distribution functions of the quark in a proton
where Fip is the proton electromagnetic structure function. I used up-to-date 
CTEQ distribution functions (specifically CTEQ1L) for all of the calcula­
tions.
Fig. 2.3 shows the differential cross section E^dcr/ d?L plotted vs. the 
energy of the outgoing electron. The incident electron energy is 12 GeV 
(corresponding to the maximum energy likely to be reached at CEBAF in 
the near future) and the polar angle of the outgoing elecron is fixed at 15°. We 
have assumed that each final state gluino will be bound within a gluon/gluino 
bound state called a glueballino. or more commonly an R q . In evaluating the 
formulas, I have given the gluino an effective mass equal to the Rq mass. 
The results are sensitive to this mass, and I have plotted the cross section 
for R q  masses of 1.0 . 1.2 , and 1.5 GeV. The results are not sensitive to the 
quark mass since there are no collinear singularities for spacelike q2. Our 
calculations assigned the  quark au effective mass i %  so th a t the threshold
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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for the 7  + q subprocess would be at the same photon energy as for the 
overall 7  + p process. Letting the quark be massless would make a negligible 
difference away from threshold.
CNJ>
cn
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co■a
■ a
c
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0
0°
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20
30
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0
0 21 3 4 5
E2 (GeV)
Figure 2.3: The differential cross section for electroproduction of glueballino 
pairs is plotted vs. the energy of the outgoing electron. The incident electron 
energy is 12 GeV' and the polar angle of the outgoing elecron is fixed a t 15°. 
The solid, dashed, and dotted lines show the results for a glueballino mass 
of 1.0 GeV. 1.2 GeV. and 1.5 GeV respectively.
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2.3 A p p licab ility  o f P ertu rb ative  QCD
The energies and transverse momenta involved in these calculations are not 
very large and one may worry about the validity of calculations based on 
perturbative QCD. Already our worries should be assuaged by insensitivity 
to the quark  mass displayed in the photoproduction calculation[12]. where 
even using a  quark mass as large as 1 GeV has only a  small effect on the size 
of the calculated cross section.
We m ay examine the reliability of pQCD in more detail by considering 
how off shell the internal propagators are in these calculations. Far off shell 
means the internal particles can travel only short distances, and short dis­
tances are where pQCD is valid. Two of the three propagators in the two 
diagrams of the photoproduction version of Fig. 2.2 are always far off shell. 
These are the quark propagator in the s-channel diagram  and the gluon prop­
agator, which has to supply the energy to produce a massive gluino or even a 
glueballino pair. The quark propagator in the u-channel diagram, however, 
can get ra th er close to singular when the photon and outgoing quark are 
collinear.
Carlson and Sher studied the importance of this near singularity in the 
photoproduction calculation[12]. Besides inserting a quark mass, they added 
the requirement th a t |u| be greater than some fixed am ount to ensure th a t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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whatever contributions they  included in the calculation were perturbatively 
reliable. Here, the "hat” denotes a Mandelstam variable for the 7  — q sub­
process. Requiring |u| >  1 GeV2 (which means the propagator is off shell 
by more than I GeV2) leads to a decrease in cross section of less than  five 
percent for incoming photon energies of 10 GeV and glueballino masses in 
the 1.0 — 1.5 GeV range. They therefore conc luded that the bulk of the cross 
section comes from kinematics where all internal propagators are far off shell 
and hence that the perturbative c alculations are good approximations to the 
correct cross section. The situation is analagous in the electroproduction 
and hadroproduction calculations, and I will assume th a t pQCD gives valid 
predictions in these cases as well.
2.4  Event R ates
The Hall B Large Acceptance Spectrometer at CEBAF can accept a lumi­
nosity of 10,w cm -2 sec-1. (The luminosity for Hall B is set by what the 
detector can accept rather than  by what the accelerator can produce.) For 
electroproduction, taking 10-3 nb/G eV 2 as a typical cross section in Fig. 2, 
this translates into a typical event rate of 1 per 100 seconds. Similar event 
rates will be obtained for the proposed ELFE accelerator, if it has a  large 
acceptance detector. Even with a lifetime near the upper end of the expected
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range, one microsecond, one would have an R q decaying in the detector sev­
eral times per day. Signatures of these decays will be discussed in Section 
2 . 6 .
2.5 H adroproduction  o f L ight G luinos
I will consider two classes of hadroproduction reactions. The first class in­
volves reactions in which the incident particle contains one or more valence 
u  or d anti-quarks, including ir~p. K ~ p , K°p.  and pp reactions. Then I will 
consider production via pp collisions a t the end of the section.
Figure 2.4: The Feynman diagram for the production of gluinos via qq —> gg. 
The quark and antiquark momenta axe labeled p\ and P2- The dashed lines 
represent the outgoing gluinos, with momenta k2 and k2.
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If one of the hadrons contains valence anti-quarks, then  the dom inant
mode of gluino production will be through qq an n ih i l a t ion  (see Fig. 2.4).
The calculation for th is process is straightforward, and the resulting cross 
section is given by[13]
where s  is the to ta l energy in the quaxk-photon center of m om entum  frame, 
and once again we will consider M  to be the glueballino mass. In order to 
obtain the total cross section, we must embed the target quark in a proton 
and integrate over the allowed values of s. The to tal cross section is therefore 
given by
where aq and x 2 are the momentum fractions of the quark and  anti-quark, 
qa(x) and qb(x) are the  quark (anti-quark) distribution functions for each 
hadron, and the sum  is over the quark flavors u, d, and s. For the proton, I 
have once again used th e  CTEQ1L distribution functions. For mesons I will 
use
(2.2 )
{qa(xi)qb{x2) + q a{x l )qb(x-2))dxl d x 2 (2.3)
v(x) = ,75x 1/2(1 — x)
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s(x) =  .12x '^ ( l  -  x )0 (2 .4)
for the valence and sea quark (or anti-quark) distribution functions, respec­
tively. I will also assume “SC/(2^)” for the strange sea quarks; th a t is, I 
assume that there are half as many ss pairs in the quark sea of the meson as 
there are uu and dd pairs.
The results for K ~ p , K ° p , ir~p. and pp are shown in Figs. 2.5, 2 .6 , 2.7, 
and  2.8 respectively. In each plot, the total cross section is plotted versus 
the incident beam  energy for glueballino masses of 1.0, 1.5, and 2.0 GeV.
The resulting cross sections are quite high. For example, for the 18 GeV 
7r~ beam  at Brookhaven, one has an event rate of roughly 0.5/m icrobarn/sec. 
For a 1.0 GeV R q . this gives an event every two seconds (for a microsecond 
lifetime, an R q  will decay w ithin a meter of the interaction region every hour 
or so). For a 2.0 GeV Rq, the rate is two orders of magnitude smaller.
The second class of hadroproduction reactions involves cases in which 
the incident particle does not contain any valence anti-quarks, for example, 
proton-proton collisions. A lthough the process qq —► gg will still contribute 
to the total cross section, due to the presence of sea antiquarks in both 
particles, it will be suppressed relative to the cases in which there are valence 
anti-quarks. O ther subprocesses, such as gluon fusion[13], gg —► gg, must 
now be considered as im portant contributors to the to ta l cross section. The
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
10‘
10 °
0 5 1510 20
beam energy (GeV)
Figure 2.5: The total cross section for the process K ~ p  —► gg +  X  is plotted 
versus the energy of the incident kaon beam. The heavy, thin, and dashed 
lines give the results for an R() mass of 1.0 GeV. 1.5 GeV. and 2.0 GeV, 
respectively.
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Figure 2.6: The to tal cross section for the process K°p  —► gg -F X  is plotted 
versus the energy of the incident kaon beam. The heavy, thin, and dashed 
lines give the results for an R q  mass of 1.0 GeV, 1.5 GeV, and 2.0 GeV, 
respectively.
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Figure 2.7: The total cross section for the process ir~p gg + X  is p lo tted  
versus the energy of the incident pion beam. The heavy, thin, and dashed 
lines give the results for an Ra mass of 1.0 GeV, 1.5 GeV. and 2.0 GeV, 
respectively.
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Figure 2.8: The total cross section for the process pp —► gg +  X  is plotted 
versus the energy of the incident antiproton beam. The heavy, t h in , and 
dashed lines give the results for an R q  mass of 1.0 GeV, 1.5 GeV, and 2.0 
GeV, respectively.
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process gq —► ggq. although higher order in the coupling constant, may be 
be im portant as well. The calculation of these contributions is necessarily 
imprecise, since the gluon distribution function that one would n o r m a l ly  use 
will be modified by the presence of gluinos in the sea of the proton. Using 
a conventional gluon distribution function, one finds that the gluon fusion 
contribution is considerably smaller than that of the qq subprocess. Figure 
2.9 shows the total cross section including only the qq subprocess. This can 
be taken as a lower limit on the total cross section.
2.6 S ignatures
One general signature of the glueballino is that it can appear to  decay in 
some respects as a long-lived particle, and in others as a short-lived particle. 
As a long-lived particle it will decay a long distance away from where it was 
produced. But if it then decays into two or more hadrons, it will have a wide 
decay width in the sense th a t the spread of mass visible in the decay should 
be large. This is a consequence of the fact that, if the final s ta te  contains 
three or more particles, the photino will carry away a varying amount of 
energy. It is im portant in this case th a t the decay not be one th a t could be 
mimicked by known weakly decaying particles. W ith this in mind, it was 
proposed to look for the decay of the glueballino into four charged pions plus
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Figure 2.9: The cross section for the process pp —► gg -F X  is plotted versus 
the energy of the incident antiproton beam. The heavy, thin, and dashed 
lines give the results for an Ro mass of 1.0 GeV. 1.5 GeV. and 2.0 GeV, 
respectively. Only the quark/anti-quark annihilation subprocess is calculated 
here.
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an unobserved photino; the appearance of four charged pions emerging from 
a vertex away from the interaction point would be a “gold-plated” signature 
for glueballinos. and the branching ratio of known mesons in th is mass range 
into four charged pions is not unusually small.
This would be the best signature if the photino was very light. However, 
the work of Farrar and Masiero. and the cosmological argum ents of Farrar and 
Kolb, suggest that the photino is not particularly light, and thus the decay 
into four charged pions will, if even kinematically allowed, be suppressed 
significantly. One could look for three pions and a photino. w ith the three 
pions having more invariant mass than the kaon.
The two most interesting two-body decays are into ir° -t- and, if kine­
matically allowed, q +  7 . It is the latter decay th a t Farrar[9] has proposed 
looking for in experiments th a t produce kaon beams since there m ay be some 
adm ixture of /?() in the beam: the q will subsequently decay into three pions 
with more invariant mass than  the kaon. Due to SU(3) factors, the  branching 
ratio of 77 -t- 7 will be. to the extent th a t the q mass does not suppress the 
rate, 10% of the tt° -I- 7  ratio. The appearance of a single 7T° a d istance from 
the vertex may be difficult to pick out of the background, and  the q may 
thus be easier to find.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
31
One could also look for 7r+7r- 7  where the pions have an invariant m ass 
greater than the kaon. Although phase space arguments indicate a  branch­
ing ratio  of 0 (  10) [9], such arguments generally underestimate the  multi­
hadron decay rates of mesons in the  1-2 GeV mass range; for m any such 
mesons the multi-hadron decay will dom inate the two-body decay. Thus, the 
branching ratio for this mode could be si/able.
2.7  C onclusions
It is remarkable that the existence of a  long-lived, strongly interacting particle 
with a  mass just slightly above that of the neutron cannot be experimentally 
excluded. Given that such a particle is a consequence of a class of super­
gravity models, a comprehensive search for light gluinos is well-motivated. 
Although the best method of detecting gluinos might well be to look for their 
presence in kaon beams, the absence of a reliable production cross section 
precludes the possibility of definitely ruling out gluinos in a  given mass and 
lifetime region. In this paper. I have calculated the rate for electroproduc­
tion and  hadroproduction of light gluinos, in a kinematic regime in which 
perturbative QCD should be fairly reliable. The event rates are quite high, 
and the signatures fairly distinctive. Failure to find gluinos at the predicted 
rate  (or within a  factor of a  few. given the uncertainties in perturbative QCD
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at this scale) will definitively rule out light gluinos in a given mass-lifetime 
region. Their discovery will revolutionize particle physics, and could lead to  
a new generation of "gluino factories” .
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Chapter 3 
DETECTION OF ROTATING  
STRANG E M ATTER STARS
3.1 In troduction
One of the most im portant questions in the study of compact objects is 
the nature of pulsars, including whether they consist of neutron m atter or 
strange quark m atter (SQM). However, few mechanisms for distinguishing 
between these two possibilities have been proposed. The purpose of this 
paper is examine the assertion that a  strange s ta r  (one made of SQM) will 
have a vibratory mode with an oscillation frequency of approximately 250 
GHz (millimeter wave). I will calculate the effects of stellar ro tation  on this
33
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signal in the hopes of providing an even more unique signature for strange 
m atter stars.
3.2 S tran ge Quark M atter
Witten[16] pointed out th a t strange quark m atter (SQM) composed roughly 
of equal numbers of up. down, and strange quarks is more likely to be stable 
than non-strange quark  m atter (which would have only up and down quarks 
but is known not to be stable). This is because conversion to  strange quarks 
(for m s < m,v/3) lowers the Fermi energy compared to the proton and neu­
tron, each of which contain two identical quarks. W itten went on to suggest 
that nuggets of strange quark m atter could be produced in phase transitions 
in the early universe or in supernova explosions and gave a possible scenario 
for the former, modified versions of which are still under debate[15]. W itten  
raised the possibility th a t such strange m atter nuggets could solve the cos­
mological dark m atte r problem bv evading the bound on the cosmological 
baryon density from the abundance of primordial deuterium. Considerable 
research has since been done on the implications of the existence of stable 
strange quark nuggets, including studies of the properties of such nuggets as 
a function of nucleon number[17] and the possible terrestrial effects, on land,
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in the sea. and in the air, that would result from collisions of strange quark 
nuggets with the Earth[18].
Alcock. Fahri. and 01into[19] discussed in depth the conversion of neutron 
stars to strange stars and the structure and properties of the latter. This 
work was continued by a  number of others and the subject was reviewed 
thoroughly at a 1991 conference[20]. The consensus is that, if SQM is stable, 
all “neutron stars” should in reality be strange quark stars. In a recent 
paper, K ettner et al.[22] have explored the nature of strange quark stars in 
further detail and com puted im portant properties a t non-zero tem peratures; 
this research is based largely upon the results of that paper, which I will refer 
to as KWWG.
In a paper recently subm itted to Astrophysics! Journal. Broderick et 
al.[21] speculated on a possible millimeter wave radio signal that might be a 
signature of a strange quark star. The proposal addressed the case generally 
contemplated by most workers that the strange quark core is surrounded 
by a  crust of normal m atter on the order of lO~aM Q. The proposed signal 
consists of a millimeter wave radio emission caused by the oscillation of the 
core-crust system. Because are so few observable differences between classi­
cal neutron stars and strange quark stars, such a signal could aid in identi­
fying strange quark stars. To date, only differences in maximum rotational
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velocities[24][25] and differences in cooling rates[23] have been discussed in 
detail as tra its  that could allow one to distinguish a strange star from a neu­
tron star. While this new proposal is speculative, the impact of detecting 
strange quark m atter would be so great that we believe it important to  raise 
it for discussion and. hopefully, for observational efforts.
Marc Sher and I. as part of this collaboration, studied tin* effects of rota­
tion on the proposed strange star signal. The motivation was to determine 
whether or not stellar rotation, and the resulting oblateness of the strange 
star, would lead to a splitting of the radio signal. Such a splitting could make 
the millimeter wave strange star signal even more distinctive, and make it 
easier to positively identify a strange m atter s tar as such. In the remain­
der of this chapter I will present the results of our research and discuss the 
im portance of rotational effects on the strange star signal.
The plan of the chapter is as follows: In Section 3.3, I will summarize the 
features of the KWWG strange star model relevant to my work. In Section 
3.3.3, I will examine the vibrational mode in which the crust of hadronic 
m atter vibrates as a single entity, w ithout distortion, with respect to the 
strange quark core. Radio waves generated from this vibration constitute the 
proposed signal. After stating the results of the calculation of the strange 
sta r signal. I will briefly discuss the power and detectability of such a  signal.
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In Section 3.6. the effects of the rotation of the strange star are included. A 
discussion of the results will appear in Section 3.7.
3.3 S tru ctu re o f Strange M atter  Stars
3.3.1 M od elin g  th e  S trange Star C ore
For a non-rotating strange star, the zero-tem perature equation of state is 
given by
P = i- { p - A B )  (3.1)
where B  is the bag constant. In order to determine the internal struc­
ture of the strange star, this expression for the pressure is inserted into the 
Oppenheimer-Volkov (OV) equation of hydrostatic equilibrium
d P  (p + P K m  + Axr 'P)
dr r(r  -  2m) 1 ’
where we use units c =  G — 1 and m is the mass contained inside the radius 
r  (and 2rn is its Schwarzschild radius). A central density must be chosen, 
then the integration is performed outwards along r until the pressure drops 
to zero, indicating that the surface of the s tar has been reached. The result 
of this integration is a density profile which describes the structure of the 
star. Figure 3.1 shows the result obtained for a non-rotating strange m atter
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stax. From this result, one can also determine such relationships as the 
dependence of the to tal mass of the strange star on its central density or its 
radius (see Figs. 3.2 and 3.3 respectively). The results which I have presented 
in these figures agree well with previously published models of strange star 
structure [19].
3 .3 .2  T h e  C ore-C ru st S y stem
The essential features, from KWWG. of the core-crust system, as first out­
lined by Alcock. Fahri. and  01into[19] are: (i) A strange quark core of roughly 
A /3  each of u-. d-. and s-quarks. where A  is the total baryon number. Since 
the core is bound by the strong force, not by gravity, the boundary will be 
very sharp, on the order of a fermi. (ii) An electron gas extending a few 
hundred fermis beyond the core. The electron abundance, which is on the 
order of 10_4.4. would be zero if the strange quark mass were essentially 
zero, as is true for up and  down quarks, ra ther than the  estim ated 100 — 300 
M eV/c2. The electron gas beyond the core is held by, and accompanied by, 
a strong positive electric field resulting from the net positive charge on the 
sharp core; it is the gradient of a megavolt range potential, (iii) A hadron 
crust. Non-strange m atter a ttrac ted  gravitationally by the core has its elec­
trons repelled by the Pauli pressure of the electron gas and its ions repelled
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Figure 3.1: This graph shows the density of a strange star as a  function of 
the distance from its center. The heavy, light, dashed, and dotted  lines show 
the results for strange stars with densities of 5. 7. 14, and 19 times the bag 
constant. B.
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Figure 3.2: Total strange star mass as a function of its central density,p0-
by the electric field. A crust can therefore accumulate until it becomes en­
ergetically favorable for neutrons, which suffer neither of these repulsions, to 
leave nuclei at the base of the crust and to ‘‘drip '7 into the core. The mass 
of the crust is bounded by M r  < 1 0 for SQM star mass M q  — M0 . 
KWWG note tha t the electrostatic potential inside the strange quark core is 
eV(r) = p e(r). where fie is the chemical potential for which they solve numer­
ically along with the quark chemical potential. They choose specific values 
for the mass of the strange quark (150 MeV) and the M IT bag constant (50 
M eV/fm), which parametrizes quark confinement in QCD. They find eV(r)
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Figure 3.3: Total strange star mass as a function of its radius./?.
near the surface of the strange star to be about 18.5 MeV at T  =  0. At 
finite tem perature, quadratic corrections bring eV(r) near the surface down 
by about 0.5 MeV at T  =  50M eV.  Using global charge neutrality ju st at 
the surface, they find th a t eV(r)  falls to 3 /4  its (nearby) interior value. (For 
T  =  50MeV.  it falls to about half the interior value.) KWWG solve Poisson’s 
equation in the gap between the core and the hadron crust. There are two 
constants of integration. They can be taken as the potentials a t the outer 
edge of the core (r =  R ) and the inner edge of the crust (r =  Rc)-  The scale 
length over which the potential falls depends only on the first and is on the
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order of the few hundred fermis. The width of the gap is given by the value 
of r at which the potential has fallen to the second. More precisely, they 
show
vV(r)  = ---- £----- . R < r < Rc  (3.3)
r - R + r o
with r0 =  and
C  =  (37r / 2 ) I/2/e  =  5 x 103MeV -  fm =  8.5 x 10"l6erg -  cm. (3.4)
3 .3 .3  O scilla tion  o f  th e  C ore-C rust System
Figure 3.4 shows the centers of the core and crust displaced along the polar 
axis by £ <  Ac-  where Ac; is the width of the gap. In order to calculate 
the frequency of oscillation, one needs to know the restoring force. It is 
clear th a t for £ =  0 . the electrostatic repulsion and gravitational attraction  
balance. The electrostatic repulsion pressure is given by
_  Zer}AC
~  (A c H- r 0)2 (3'5)
where rjA is the number of ions per unit area a t the base of the crust and Ze  
is their average charge. The pressure due to gravitational attraction is
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Figure 3.4: This sketch shows the strange s ta r core and  crust with their 
centers displaced by an amount £ along the z-axis. T he dimensions are 
greatly exaggerated for clarity. In reality the core is several kilometers in 
diameter, while the gap between the core and crust is only a  few hundred 
fermis in size.
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G M q M c
AttR4 (3-6)
For 0 < £ < <  (A c +  r0), there will be a restoring force given by
G M q M c (3.7)
and the resulting frequency of oscillation is
ur,2 2 G M q (3-8)3R2( A g +  Tq)
The numerical results of these calculations can be summarized as follows. A
low-temperature crust of maximal mass should exhibit a  signal at about 1.2 
mm. The wavelength of the signal increases with increasing tem perature and 
decreasing crust mass. A 50 MeV crust with one percent of the maximal mass 
would have a wavelength of about 2.4 mm. For strange quark star crusts of 
mass M e  in the range 10~7M q < M e  <  10~5M q  with tem peratures below 
about 50 MeV, the crust-core system has a  normal mode corresponding to 
a wavelength A roughly in the region 1.2 to 2.4 m m . It should be noted 
th a t the lower bound on the wavelength (1.2 mm) is well above the region in 
which the Earth 's atmosphere becomes opaque to radio waves.
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3 .4  R ad iation  and D etecta b ility
The energy stored in the vibrational mode of Section 2 is given by
E  ~  ^ M cZ2uj'2. (3.9)
W hereas the frequency of the mode is nearly independent of crust mass 
(varying roughly as M q 9), the energy stored goes roughly as the 11/9 power. 
For M e  ~  10- '\V/r and £ ~  200 fm. E  is of the order of 1031 ergs. Broderick 
et al.[2l] have estimated the radiation rate  in a simple model. W hen the 
crust center of mass is displaced downward, relative to the core center of 
mass by £. as shown in Figure 1. the electrostatic potential at the "top” rises 
by — > 0 and the potential at the “bottom ” falls by the same amount.
However, the crust is an equipotential, made from a m aterial of very high 
conductivity (although likely not a superconductor) so charge must flow to 
cancel this change. They consider the “flat s ta r approxim ation” in which the 
crust consists of two parallel planes, each of radius R  and  with separation 
R. To m aintain the equipotential. a sheet of charge density a  must flow with 
current /  =  u>Q.
d V
A V  =  AiraR =  2£— . (3.10)
dz
and
Q = ;rl?V  =  R ^ j ~ .  (3.11)
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giving radiation power on the order of
(ujSRV') (3.12)
For £V'  ~  10 M eV/e, Equation 3.12 gives P  ~  ( lOeV/e)2(Ruj)2/c  ~  1034 
erg /s, which is a very large signal. This rate is reduced to  the extent th a t 
rad iation from electrons not at the surface will either not occur or will be 
absorbed and simply heat the crust. They conclude that a  more realistic 
estim ate of the radiated power might be 1031 erg /s, for m axim al excitation 
of the mode and for a crust of maximum thickness. The power, but not the 
decay time, would scale with the energy in the mode. Roughly, the decay 
tim e would scale w ith the thickness of the crust and the power radiated would 
scale inversely.
At a distance D  in kpc from the pulsar, the flux density of radiation 
em itted  at the rate  of P  Watts spread over a frequency /  (Hz) is
a t  a  frequency of 250 GHz in good conditions near zenith has an  rms noise
5  =  8.3 x 10"15 (3.13)
where 1 Jy  is 1026 W /m 2/Hz. A 10 meter sub-millimeter telescope operating
(3.14)
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where the integration time, t, is in seconds. The signal to noise ra tio  for a 
continuous signal is
z § = ^  * 10-18 p  G r  ^  < 3 i 5 )
For a  pulsar of period 1 second and a consequential Doppler broadening of 
~  25 MHz (at an observing frequency of 250 GHz) em itting a 1024 W  signal, 
a  15 second integration time yields a signal-to-noise ratio ~  103Z?-2 . A 
detectable signal (5cr) could be achieved for pulsars as far away as 15 kpc 
(there are more than 100 with periods in excess of 1 second). For a  pulsar 
as close as 1 kpc (there are about ten with periods longer than 1 second) a 
1029 erg s“ l signal could be detected. The strength of the signal is not the 
problem for detection: the problem is not knowing the frequency. Receivers in 
the 250 GHz range have instantaneous bandwidths of a  few GHz which could 
be searched in a few minutes with a 1 GHz spectrometer. Since retuning the 
receiver to the next band would take perhaps a quarter horn:, most of the  time 
for the search would be spent in retuning the receivers, not in the observing.
3.5 E xcita tion  o f th e  V ibratory M ode
One im portant question which remains unanswered is, “How is the vibra­
tional mode excited?” A transient signal, such as th a t due to a starquake
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or cometary impact, would die off quickly (ou the order of milliseconds) and 
would thus be unobservable. Does a mechanism for continuous excitation 
exist? There is some speculation th a t one such mechanism could be the in­
teraction between superfluid vortices and (type 2 ) superconducting magnetic 
flux tubes. (We know that the magnetic field for a  strange quark star must 
pass through the core because the crust is so thin.) It is the outward migra­
tion of the superfluid vortices that is responsible for pulsar spin-down, while 
Ruderman[28] has conjectured that the latter could be effectively pinned 
by the interaction with the non-superconducting electron fluid. Some effec­
tive resonant coupling between those two systems on the one han, and the 
vibrational mode on the other could result in continuous excitation. For 
example, the coupling could be associated with discontinuous passage of a 
vortex through a pinned flux tube. Even though there is currently no definite 
model of how' the excitation might take place, the power of a detectable sig­
nal is only on the order of 10-G of typical pulsar energy losses. Thus it would 
seem reasonable, in view of the many consequences, to make observations 
-  independent of theoretical considerations, in order to  see if such a small 
fraction of the energy loss does, in fact, go into this mode.
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3.6 R o ta tion a l E ffects
Any real strange star will be rotating. One expects rotational periods to 
be similar to those of pulsars, ranging from milliseconds to a few seconds. 
This rotation will have two effects on the millimeter wave signature. The 
first is simply Doppler broadening. A t an observing frequency of 250 GHz, 
a 10 km diam eter s ta r rotating at 1 Hz would make the signal bandwidth 
25 sin 9 Mhz, where 9 is the angle between the rotation axis and the observer. 
The bandw idth clearly scales linearly with the frequency of rotation. The 
second effect is caused by the fact th a t the rotation will cause the star to 
become oblate, leading to two normal modes of oscillation and thus splitting 
the signal. This is similar to the giant resonance mode in nuclei, in which 
the mode is split into two modes in nuclei with spin. In this section, I will 
calculate the frequency splitting due to  the non-spherical shape of a  rotating 
strange star and evaluate the importance of this effect as a part of the strange 
star signal discussed in Section 3.3.3.
3 .6 .1  M od elin g  a R o ta tin g  S trange Star
I have constructed a model of a ro tating strange m atter sta r as follows. First 
I assumed th a t the rotating star would be precisely elliptical in cross-section, 
ignoring any higher order departure from an elliptical shape. Second, I as­
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sumed th a t the speed of rotation was non-relativistic. For a non-rotating 
strange star, the zero-tem peratnre equation of s ta te  is P  =  \{p  — 4B),  where 
B  is the bag constant. In order to determine the structure of the star, this 
equation is inserted into the Oppenheimer-Volkov (OV) equation of hydro­
static equilibrium as in Section 3.3. If the star is rotating, there will be an 
additional centrifugal pressure term  added to P  in the OV equation
P —* P — ^puj1!-2 sinJ 6 (3.16)
Integrating the OV equation along the polar and equatorial directions will 
give the polar and equatorial radii and the resulting eccentricity, as a function 
of the angular velocity of the star. f2. These results were obtained in the 
approximation of small eccentricity and non-relativistic rotation. At higher 
order, considerations of the non-spherical mass distribution within the star, 
relativistic corrections, the difference between the shape of the inner edge of 
the crust and that of the core. etc.. must be included.
3.6 .2  F requ en cy  S p littin g
The strange star is now an oblate spheroid. One will find two normal modes, 
corresponding to vibrations in the polar and equatorial directions. The fre­
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quency splitting is given by (again, to leading order in the eccentricity)
This frequency splitting, A^'/u: is plotted vs the angular frequency of 
rotation in Fig. 3.5. Here the mass of the strange star has been fixed a t 
I A M q . In order to gauge the sensitivity of this frequency splitting to the 
structure of the star, I have plotted the Auj/ u; versus the  central density 
in Fig. 3.6. and versus the strange star mass in Fig. 3.7. while fixing the 
rotational frequency, fi, a t some particular value. The resulting graphs show 
th a t the amount of frequency splitting is fairly constant across the range tha t 
we are interested in. namely strange stars with a mass between lAf0 and 
2A/q. In the remainder of this section I will present the results for a strange 
star w ith a central density of SB  and a corresponding mass of 1.8M0 .
Figure 3.8 shows the rotational frequency splitting and the Doppler broad­
ening plotted against the frequency of rotation. For strange stars with peri­
ods on the order of seconds, the frequency splitting is negligible relative to 
the Doppler broadening of the signal. For strange stars w ith periods on the 
order of milliseconds, the magnitude of the two effects becomes comparable, 
especially in the case where the observer lies close to the axis of rotation.
■equat
(3.17)
where
J  =  2 GMq 
3( A a +  r0)
(3.18)
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Figure 3.5: This plot shows the splitting of the strange star signal, A lj/ lj as 
a  function of the s ta r’s rotational frequency. The mass of the strange stax 
used in this example is 1.4M e
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Figure 3.6: This plot shows the  splitting of the strange s ta r  signal, A lj/ u , as 
a function of the strange m atter star's central density. The angular rotational 
velocity of the s ta r  is fixed a t some arbitrary value.
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Figure 3.7: This plot shows the  splitting of the strange s ta r signal, Acu/u,  
as a  function of the strange m atter star's to tal mass. The angular rotational 
velocity of the s ta r  is fixed a t some arbitrary  value.
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(It should be noted that this is generally the case when we are able to see 
the pu lsar’s pulsation, since the radiation is em itted from the s ta r’s magnetic 
poles.) For example, consider the case where the angle between the axis of 
ro ta tion  and the Earth is signal splitting due to the oblateness of the star 
is about 4 percent. For such stars, this splitting would be a significant in­
dicator of the strange star origin of a narrow line, millimeter wave signal. 
The situation is improved if the period of the s ta r is less than a millisecond. 
This model and others [14] give indications th a t strange m atter stars can 
ro ta te  considerably faster than the fastest allowed neutron star, with peri­
ods as small as .4 milliseconds. The vertical line in Fig. 3.8 represents the 
maximum rotational velocity attainable by a  neutron star. At higher fre­
quencies. the splitting of the strange star signal becomes more prominent, in 
some cases eventually becoming greater than the Doppler broadening. The 
existence of an object rotating a t these speeds would, in itself, be evidence 
for a  strange m atter star. The splitting of the strange sta r’s oscillatory signal 
would provide additional confirmation of the nature of the source.
It should also be noted that if the pulsar is in a binary system, an ad­
ditional distortion might be caused by tidal forces. This distortion would 
contribute to the splitting of the mode, and the above equation would ap­
ply. (If the pulsar were rapidly rotating as well, the deformation would
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Figure 3.8: This plot shows the splitting of the strange star signal, Auj/ u>, 
compared to the Doppler broadening. The heavy line represents the rota­
tional splitting. The light solid line represents the maximum Doppler broad­
ening seen by an observer located in the strange s ta r ’s equatorial plane. The 
dashed and dotted lines represent the Doppler broadening that would be seen 
at an angle of 30° and 15° from the axis, respectively. The vertical line at 
1250 Hz indicates the maximum possible frequency of rotation for a neutron 
star. Strange stars, by comparison, can rotate a t frequencies as high as 2500 
Hz.
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be quadrupolar.) T he calculation of the tidal force (ignoring rotation) is 
straightforward, and it is easy to show that the results are identical w ith u>2 
replace by ui^/4. where Uq is the frequency of revolution. Since the frequency 
of revolution, for all realistic pulsar systems, is much less than  the frequency 
of rotation, the effects of tidal distortion will be negligible.
3 .7  D iscu ssion
One of the most im portant questions in the study of compact objects is the 
nature of pulsars, including whether pulsars consist of neutron m atter or 
strange quark m atter. In this paper. I have examined an observable radio 
signal that would be characteristic of the latter possibility. I have shown 
th a t the frequency splitting caused by the oblateness of a  rotating strange 
star could be an im portant component of this signal, especially in cases when 
the observation takes place near the axis of rotation, and in cases when the 
strange star is rotating with periods shorter than a m illisecond. The signal 
predicted in this paper is a speculative one; however the dearth  of distinctive 
signatures for strange quark stars makes the search for such a signal worth­
while.
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Appendix A
Electroproduction Matrix 
Element
The diagrams for electroproduction of light gluinos are shown in Fig. 
In term s of the momenta defined in the diagrams we define, with m  
the mass of the gluino.
A = (ki — k2)/2 
A 2 = m 2 — r 2/4
s = (Pi +  h ) 2 
t = (pi — I2 ) 2
58
2 . 2 .
being
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Sh = (P2 +  r)'2 
h  =  (Pi ~  P 2 ) 2 
Uh =  (Pi -  r f
Q =  (h + h ) / -  (A .l)
Then, the square of the m atrix element is
i ^ i 2 =
3 9
-jf[(l +  —  )q2(sh -  r2) + (s - t  - q 2 -  r2 + th -  4/-., • r )2 +  q2th\{px ■ A )2
uh sh
+  5 [ ( 6' -  O ' +  q \  -  q2(r2 -  uh)( 1 +  — )](p2 • A )2
sh uh
64
+   [q2(sh + th + uh -  2 r 2) +  (s -  t)(s - t - q 2 -  r2 +  th -  412 ■ r)\px ■ A p2 ■ AShUft  
128
-  ——(s -  t — q2 — r 2 + th -  4/2 • r)pi - A Q ■ A  uh
128
-   {s -  t)p-2 • A Q  ■ A
Sh
128
+  —  [r4 -  r2{sh + th + uh) +  shuh\{Q - A )2ShlLfi
4
-  — (2A 2 4- r2)[q2shu h -  r2q2(sh + th + uh) + r 4q2
sh
-2 , _2+  $h(s -  t)(q~ + r2 -  th +  4/2 • r) -  r 2(s -  £)2]
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~  4 - (2 A 2 +  r2)[q2shuh -  r2q2{sh +  th + uh) +  r4q2 
U-T,■h
-  uh(s -  t -  q2 — r2 + th — 412 ■ r)(q1 + r2 - t h + 412 ■ r)
+  (s -  t -  q2 -  r2 +  th -  4l2 • r)((q2 +  r2 -  tk +  4l2 • r)[2A 2(r2 -  uh)
-  r2th\ -  r2( s -  t)(4A 2 -  2th + r2 -  uh))
+ (q2 + r2 - t h + 4Z2 • r)(.s -  £)[2A2(.s/, -  r 2) +  r 2th]
+  2r2q2th(sh + t h + uh) -  r 2(r2 -  uh)(.s -  t -  q2 -  r 2 +  th -  412 ■ r )2
+  (sA -  r ) [ 4 A V ( r 2 -  uh) +  r 2(s -  £)']
— r2(.s -  t — q2 — r2 + th — 4Z2 • >’)']
4
2A~tfl(q~ + r~ — t.ft -+■ 4/2 • /’) '
(A-2)
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